Degenerative cervical myelopathy (DCM) is the most common progressive nontraumatic spinal cord injury. The most common recommended treatment is surgical decompression, although the optimal timing of intervention is an area of ongoing debate. The primary objective of this study was to assess whether a delay in decompression could influence the extent of ischemia-reperfusion injury and alter the trajectory of outcome in DCM. Using a DCM mouse model, we show that decompression acutely led to a 1.5-to 2-fold increase in levels of inflammatory cytokines within the spinal cord. Delayed decompression was associated with exacerbated reperfusion injury, astrogliosis, and poorer neurological recovery. Additionally, delayed decompression was associated with prolonged elevation of inflammatory cytokines and an exacerbated peripheral monocytic inflammatory response (P < 0.01 and 0.001). In contrast, early decompression led to resolution of reperfusionmediated inflammation, neurological improvement, and reduced hyperalgesia. Similar findings were observed in subjects from the CSM AOSpine North America and International studies, where delayed decompressive surgery resulted in poorer neurological improvement compared with patients with an earlier intervention. Our data demonstrate that delayed surgical decompression for DCM exacerbates reperfusion injury and is associated with ongoing enhanced levels of cytokine expression, microglia activation, and astrogliosis, and paralleled with poorer neurological recovery.
Introduction
Degenerative cervical myelopathy (DCM) encompasses a spectrum of arthritic and ligamentous conditions of the cervical spine including cervical spondylosis and ossification of the posterior longitudinal ligament (OPLL), which can cause progressive cervical cord compression (1) and result in mild to severe neurologic dysfunction. The spectrum of conditions comprising DCM including cervical spondylotic myelopathy (CSM) and OPLL collectively represent the most common cause of adult spinal cord dysfunction worldwide. Patients with DCM can present with a variety of clinical signs and symptoms, including hand numbness, loss of manual dexterity, and impaired gait pain (2) . With increasing life expectancy and the aging of the population, the number of patients affected by DCM is expected to rise; as a result, appropriate treatment strategies must be defined.
Based on recent evidence, surgical decompression is effective at halting disease progression (3) and improving functional status for the majority (>80%) of patients (3, 4) . However, our group has demonstrated that a significant portion of patients (9.3%) may experience delayed neurological deterioration and complications. For example, delayed C5 palsy represents the most common complication in the early (within 30 days) postoperative period after decompressive surgery (3, 5, 6) . Furthermore, improvements in functional impairment may vary significantly depending on a number of preoperative factors, including myelopathy severity, duration of symptoms, age, and comorbidities. Specifically, it has been shown that patients are more likely to achieve an excellent score (≥16) on the modified Japanese Orthopedic Association scale (mJOA) if they were younger, had a shorter duration of symptoms, and were functionally less severe (7) .
Degenerative cervical myelopathy (DCM) is the most common progressive nontraumatic spinal cord injury. The most common recommended treatment is surgical decompression, although the optimal timing of intervention is an area of ongoing debate. The primary objective of this study was to assess whether a delay in decompression could influence the extent of ischemia-reperfusion injury and alter the trajectory of outcome in DCM. Using a DCM mouse model, we show that decompression acutely led to a 1.5-to 2-fold increase in levels of inflammatory cytokines within the spinal cord. Delayed decompression was associated with exacerbated reperfusion injury, astrogliosis, and poorer neurological recovery. Additionally, delayed decompression was associated with prolonged elevation of inflammatory cytokines and an exacerbated peripheral monocytic inflammatory response (P < 0.01 and 0.001). In contrast, early decompression led to resolution of reperfusion-mediated inflammation, neurological improvement, and reduced hyperalgesia. Similar findings were observed in subjects from the CSM AOSpine North America and International studies, where delayed decompressive surgery resulted in poorer neurological improvement compared with patients with an earlier intervention. Our data demonstrate that delayed surgical decompression for DCM exacerbates reperfusion injury and is associated with ongoing enhanced levels of cytokine expression, microglia activation, and astrogliosis, and paralleled with poorer neurological recovery.
We recently determined, using a rat model of DCM, that a key factor underlying the postdecompression neurological decline may be explained by ischemia-reperfusion injury (IRI) of the cervical spinal cord (5) . However, key knowledge gaps remain regarding the downstream effects of decompression-related IRI, particularly the role of inflammation. Furthermore, it is unclear whether there is a cellular explanation for why duration of symptoms is an important predictor of long-term outcomes in patients undergoing surgery for DCM.
Previous studies have shown that IRI contributes to the injury process in the central nervous system (CNS), through the activation of the immune system (8) (9) (10) (11) (12) . For example, after ischemic stroke, increased activation of the immune system induces recruitment of immune cells to the affected ischemic parenchyma and triggers the release of inflammatory factors (9, 13) , thereby increasing the infarct size (9) . A similar sequence is observed in the spinal cord and brain following IRI, where rapidly released cytokines (TNF-α, CCL-2, CCL-3, CCL-5, CXCL1, IL-1β, IL-6) enhance chemotaxis of immune cells (10, 11) , which in turn perpetuate the inflammatory response and hinder recovery after injury (8) . Attenuation of postischemic inflammation within the first 24 hours after cerebral ischemia mitigates secondary injury processes associated with inflammation (14) (15) (16) . Therapeutic strategies that can resolve these secondary injury processes may allow for improved outcomes in patients treated surgically for DCM.
Herein, we addressed this question using a potentially novel mouse model of DCM, receiving decompression after either a short or long duration of spinal cord compression. Our data demonstrate that restoration of spinal cord blood flow after surgical decompression is seen in parallel with an acute activation of the immune response within the spinal cord. In the early decompression cohort, resolution of inflammation was observed within the first weeks after surgery and was associated with neurological improvement in the upper and lower limbs. However, when surgical decompression was delayed, spinal cord reperfusion , of a compressed animal before and after decompression (from left to right, respectively). (B and C) Scheme of the time points assessed for early and delayed decompression. The time is provided based on (i) weeks after induction of DCM and (ii) after decompression. In these timelines, time 0 refers to either the time of material implantation (see weeks after DCM) or the time of decompression (see weeks after Dec). Mice in the early-decompressed group were operated at 6 weeks after DCM by receiving decompression (DCM-E + Dec) or a sham decompression (DCM-E) (B). Similarly, the delayed-decompressed group received decompression (DCM-D + Dec) or sham decompression (DCM-D), but at 12 weeks after material implantation (C). Both groups were sacrificed at 24 hours and 2 and 5 weeks after their decompressive surgery, and tissues of interest were collected. Neurobehavioral assessment was carried out until 5 weeks after surgery. DCM, degenerative cervical myelopathy; Dec, decompression; DCM-E, age-matched early sham decompressed group; DCM-D, age-matched delayed sham decompressed group.
was accompanied by a prolonged activation of glial and local immune cells, as well as an increased ratio of peripheral inflammatory/antiinflammatory blood monocytes. Furthermore, delayed surgical decompression led to an increased incidence of neurological complications and absence of neurological recovery in the upper and lower limbs. Consistent with these observations, results from DCM patients with prolonged or shorter duration of symptoms recruited to the CSM AOSpine North America and International studies at 26 centers across the globe provide evidence that the neurological prognosis for DCM patients following surgical decompression is related to the duration of the symptomatic period prior to surgical intervention.
Results
Delayed surgical decompression for DCM is associated with higher incidence of neurological complications. We designed a randomized blinded experiment using our mouse model of DCM. To mimic the duration of symptoms in humans with DCM, we performed surgical decompression (Dec) on mice with DCM at 2 time points: 1 group underwent early (6 weeks after induction of compression, herein referred to as Figure 2 . Surgical decompression reduces compression ratio. (A) Representative MR images of mice: naive, 5 weeks after degenerative cervical myelopathy (DCM), and 5 weeks after surgical decompression (DCM-E + Dec). (B) At 1 week before surgical decompression, the DCM group had a 32% compression ratio, which was significantly reduced to 14.4% in the DCM-E + Dec group (n = 5 animals per group). *P < 0.05, Mann-Whitney U test. (C) Representative MR images of mice: naive, DCM (at 11 weeks after DCM), and DCM-D + Dec (at 5 weeks after surgical decompression). (D) At 1 week before surgical decompression, the DCM group had a 47% compression ratio, which was reduced to 12.8% at 5 weeks after decompression in the DCM-D + Dec group (n = 5 per group). *P < 0.05, Mann-Whitney U test. Compression ratio was calculated based on Fehlings et al. (76) , and the data are presented as mean ± SEM.
DCM-E + Dec, Figure 1B) , and the other group received delayed surgery (12 weeks after induction of compression, herein referred to DCM-D + Dec, Figure 1C ). We compared sham-decompressed animals (DCM-E and DCM-D) to age-matched decompressed groups (DCM-E + Dec and DCM-D + Dec, respectively) to avoid cofounding changes in the immune system due to age differences between the groups (17). T1-weighted MR images revealed a 32% ± 3% compression ratio in the DCM-E group ( Figure 2 , A and B), and a 47% ± 5% compression ratio in the DCM-D group ( Figure 2 , C and D) 1 week before surgical decompression (DCM-E versus DCM-D, **P < 0.01, Mann-Whitney U test). As expected, compression ratios were significantly reduced at 5 weeks after surgical decompression in both groups compared with their corresponding DCM group before surgical decompression ( Figure 2 , B and D). In line with our previous study (5), we observed postoperative neurological complications in our animals following decompression. Specifically, at 24 hours after surgery, 4.8% (1 out of 21) of the animals receiving early decompression presented gross motor complications (defined as reduced ankle movement and plantar stepping, upper and/or lower limb stiffness and/or weakness, and forepaw palsy), compared with 13.6% (3 out of 22) of animals who underwent delayed decompression (Table 1) . At 48 hours after decompression, while no complications min/100 g in the DCM-E + Dec group, whereas animals in the DCM-E group had a blood flow of 23.2 ±12.2 ml/min/100 g. Age-matched naive animals had blood flow values of 42.1 ± 13.5 ml/min/100 g. Naive animals (n = 6), DCM-E (n = 7), DCM-E + Dec (n = 6). (C) At 5 weeks after delayed surgical decompression, blood flow was significantly increased to 55.10 ml/min/100 g in the DCM-D + Dec group compared with 24.2 ml/min/100 g in the DCM-D group. *P < 0.05, Mann-Whitney U test. Age-matched naive animals presented blood flow values of 40 ml/min/100 g ± 13.3 ml/min/100 g. Naive animals (n = 6), DCM-D (n = 5), and DCM-D + Dec (n = 6). All data are presented as mean ± SEM. DCM, degenerative cervical myelopathy; Dec, decompression; DCM-E, agematched early sham decompressed group; DCM-D, age-matched delayed sham decompressed group.
presented in the group that underwent early decompression, 4.5% (1 out of 22) of animals that received delayed decompression developed complications (Table 1) . Prolonged spinal cord ischemia increases spinal cord blood flow after surgical decompression. Our previous study demonstrated that surgical decompression increases spinal cord blood flow and induces a reperfusion injury as early as 24 hours following decompression (5). However, whether the duration of spinal cord compression prior to decompression influences the extent of reperfusion injury over time has yet to be examined. , LIF, CCL-3, CCL-2) in the DCM-E + Dec group compared with the DCM-E group acutely after decompression (at 24 hours). *P < 0.05; **P < 0.01, two-way ANOVA, Bonferroni post-hoc. A group of naive animals with the same age as the animals at 5 weeks after decompression was also included. Naive (n = 3-4), DCM-E (n = 5), and DCM-E + DC groups (n = 5-6). (B) At 24 hours after delayed decompression, the DCM-D + Dec group presented a significant increase levels of G-CSF, IL-6, CXCL10, LIF, CCL-3, and CCL-2 compared with the DCM-D group. Moreover, levels of CXCL10, LIF, CCL-3, and CCL-2 were elevated at 2 and 5 weeks in the DCM-D + Dec group compared with the DCM-D group. Naive animals matching the age of animals at 5 weeks after decompression were included for reference. *P < 0.05; **P < 0.01; ***P ≤ 0.001, two-way ANOVA, Bonferroni post-hoc. Naive (n = 3), DCM-D (n = 5), DCM-D + Dec (n = 5-7). Data are presented as mean ± SEM. DCM, degenerative cervical myelopathy; Dec, decompression; DCM-E, age-matched early sham decompressed group; DCM-D, age-matched delayed sham decompressed group; h, hours; w, weeks.
To start addressing this issue, we measured the spinal cord blood flow by injecting fluorescent microspheres into the mouse heart, as shown in the diagram in Figure 3A , at 5 weeks after decompressive surgery. We observed a 50% reduction in blood flow in both DCM-E and DCM-D groups compared with age-matched naive animals ( Figure 3 , B and C). No significant differences were observed between DCM-E and DCM-D groups. Compared with DCM-E, the DCM-E + Dec group had increased blood flow by 34.6% ( Figure 3B ), although this did not reach statistical significance. Blood flow in the DCM-D + Dec group was significantly increased compared with the DCM-D group by 43.8% ( Figure 3C ).
Delayed surgical decompression induces a sustained systemic and local postischemic inflammatory response. Excessive activation of the immune system has been reported during reperfusion (18) . To assess whether the reperfusion induces an inflammatory response, we measured the spinal cord levels of key cytokines with ELISA at 3 relevant time points. We compared decompressed mice with age-matched sham-decompressed animals to avoid any changes in the immune response associated with immunosenescence rather than due to decompression (P.M. Vidal, unpublished observations and refs. 17, 19) . Surgical decompression caused significant increase in the production of G-CSF, IL-6, CXCL10, LIF, CCL-3, and CCL-2 at 24 hours after surgical decompression, as compared with the age-matched DCM group (Figure 4 ). In the DCM-E + Dec and DCM-D + Dec groups, the levels of G-CSF remained . However, this ratio was higher in the group receiving delayed decompression as compared with the same group, at 2 and 5 weeks after decompression (DCM-D, n = 5; DCM-D + Dec, n = 5-8). **P < 0.01, two-way ANOVA. Data are presented as mean ± SEM. DCM, degenerative cervical myelopathy; Dec, decompression; DCM-E, age-matched early sham decompressed group; DCM-D, age-matched delayed sham decompressed group. elevated for 2 weeks after surgery, but these differences were no longer present at 5 weeks after surgery. In contrast, in the DCM-D + Dec group, IL-6 remained elevated for 2 weeks after surgical decompression ( Figure 4B ). Furthermore, we observed a prolonged increase in LIF, CCL-3, CCL-2, and CXCL10 ( Figure 4B ) that lasted for 5 weeks after surgery in the DCM-D + Dec group compared with the DCM-D group. Of note, significant changes were observed between DCM-E and DCM-D in the production of CXCL10, CCL-2 (P < 0.01, two-tailed t test), and LIF (P < 0.05, two-tailed t test) at 24 hours after sham decompression.
Changes in peripheral immune cell populations, especially in blood monocytes, have been shown to occur after ischemic stroke and to correlate with clinical recovery after hip surgery (20, 21) . Blood monocytes give rise to tissue macrophages and dendritic cells, and have been shown to be good predictors of tissue injury severity in certain pathologies (22) . Based on the sustained inflammatory state in the spinal cord following delayed decompression, we hypothesized that blood monocytes will display an inflammatory state after surgery. We focused on the changes in the ratio of inflammatory to patrolling monocytes (Ly6C Of note, a significant decrease in the ratio of circulating inflammatory/patrolling monocytes was observed between DCM-E and DCM-D at 24 hours after sham surgery (P < 0.05, two-tailed t test).
Early decompression reduces astrogliosis in contrast to delay decompression. Microglia/macrophages and astrocytes play key roles during postischemic inflammation, by producing inflammatory mediators and reactive oxygen species (ROS) (15, (23) (24) (25) . Activation and recruitment of these cells has been shown to be prominent in human and experimental models of DCM (5, (26) (27) (28) . In order to determine if surgical decompression has an effect on their recruitment, we performed immunohistochemistry on cervical spinal cord sections for the markers ionized calcium-binding adapter molecule 1 (Iba1) and glial fibrillary acidic protein (GFAP) at 5 weeks after surgical decompression. Iba1 + cells were located in the white and gray matter, as well as around the central canal of DCM of decompressed mice, as shown in the spinal cord diagrams ( Figure 6A ). Based on previous studies in DCM (28) , our analysis was focused on the number of Iba1 + cells in the dorsal horn, dorsal columns, and around the lateral corticospinal tracts ( Figure 6 ). Contrary to our hypothesis, surgical decompression did not significantly alter the number of Iba1 + cells after surgical decompression (Figure 6 , B-G). However, when we assessed the expression of Galectin-3, which is considered a regulator of activated/proliferating microglia/macrophages after cerebral ischemia-reperfusion (29) and reactive astrocytes (30) , using Western blotting we observed low expression in the DCM-E and DCM-E + Dec groups (Figure 7A ), but strong expression in the DCM-D + Dec group compared with the DCM-D group ( Figure  7B ; see complete unedited blots in the supplemental material available online with this article; https://doi. org/10.1172/jci.insight.92512DS1).
We next measured the extent of astrogliosis in the dorsal horn, the area of the spinal cord where we observed the highest numbers of Iba1 + cells following decompression. GFAP immunoreactivity was quantified in spinal cord samples around the C5-C6 level of compressed and surgically decompressed animals at 5 weeks after surgical decompression ( Figure 8A ). Quantification of GFAP immunoreactivity over a Early decompression leads to gait improvement in the upper and lower extremities. To investigate whether the changes observed after surgical decompression in the spinal cord are associated with functional outcomes, we performed locomotion analysis in DCM and decompressed animals. Gait impairment is considered to be one of the first symptoms of DCM in patients (31); in particular, swing speed and stride length are 2 gait parameters known to be affected by progressive spinal cord compression (32) . We used the CatWalk system to measure gait deficits before and after decompression without significant changes in speed between the compared groups (33) . Representative footprints from mice with DCM before and after undergoing early or delayed decompression using CatWalk are shown in Figure 9 , A and B. Since the speed of locomotion is more similar within DCM-E and DCM-E + Dec or DCM-D and DCM-D + Dec groups, and that the speed of locomotion is correlated to many gait parameters, we examined the relative effects of decompression independently at each time point. Representative confocal images of dorsal horns from mice that underwent early or delayed decompression, their age-matched sham controls, and age-matched naive mice, all stained for glial fibrillary acidic protein (GFAP). The red dotted lines delineate the dorsal horns where GFAP immunoreactivity was quantified. The spinal cord diagram on the right side represents the area of constant size within the dorsal horns, used for the analysis of GFAP immunoreactivity. (B) GFAP immunoreactivity was significantly reduced at 5 weeks after decompression in the DCM-E + Dec (n = 5) group compared with the age-matched DCM-E group (n = 5). *P < 0.05, Mann-Whitney U test. (C) Astrogliosis was significantly increased in the dorsal horns of DCM-D + Dec (n = 5) compared with the DCM-D group (n = 5). ***P < 0.001, Mann-Whitney U test. All the results are presented as mean ± SEM. Scale bars: 25 μm. DCM, degenerative cervical myelopathy; Dec, decompression; DCM-E, age-matched early sham decompressed group; DCM-D, age-matched delayed sham decompressed group; IntDens, integrated density.
During the first 2 weeks after surgical decompression, we did not observe any significant changes in swing speed and stride length between groups (data not shown). However, at 5 weeks after early decompression, we observed a 1.5-fold improvement in swing speed in forepaws ( Figure 9C ) and a 1.2-fold increase in hind paws ( Figure 9D ) of animals in the DCM-E + Dec group, compared with DCM-E. Stride length also recovered after decompression in this group ( Figure 9 , C and D), but only reached statistical significance in the forepaws ( Figure 9C ). In contrast, no significant recovery of swing speed or stride length was found in the group receiving a delayed decompression (DCM-D + Dec) compared with the DCM-D group ( Figure 9 , E and F).
Interlimb coordination was assessed using the CatWalk system (step pattern) and rotarod (data not shown) in naive, compressed, and decompressed animals. With the CatWalk system, we focused on the 3 main categories of normal step sequence pattern in rodents: cruciate, alternate, and rotary (34) . The alternate pattern is the most frequently observed in rodents (35, 36) . In naive animals we observed alternate (80%) and cruciate (20%) stepping patterns (Supplemental Figure 1A) . The step pattern and the speed of our animals during DCM and after surgical decompression were visibly affected. During DCM the alternate pattern was decreased to 33.1% in the DCM-E group and to 59.2% in the DCM-D group (Supplemental Figure 1, B and D) . Early decompression led to an 18% improvement in the alternate step sequence pattern (in which left front paw is followed by right hind paw), compared with 3% improvement in the delayed group (Supplemental Figure 1) . The alternate pattern is more frequent during slow to moderate speeds, whereas the cruciate pattern is associated with gallop or trot (37) . So while it may appear that delayed DCM groups are closer to sham in step pattern, this interpretation is limited due to other concurrent changes in the DCM gait phenotype, specifically speed. Indeed, the fact that DCM-D + Dec was slower than the DCM-E + Dec group (data not shown) suggests that these animals employed the alternate pattern more frequently due to this reduced speed. Additionally, some animals presented a rotary step pattern after early and delayed decompression (Supplemental Figure 1) .
Early decompression improves manual dexterity. Neurological deficits in the upper extremities are considered the second most frequent and debilitating symptom of DCM in patients (38) . For this reason, we characterized the upper limb deficits of mice with DCM before and after surgical decompression, using the wire hang test (39) and the Capellini handling test (40) . When we assessed grip/muscle strength with the wire hang test (Figure 10C ), we found that the DCM-E + Dec group exhibited an increased latency to fall compared with DCM-E animals, at all time points ( Figure 10A ). In contrast, DCM-D + Dec did not show significant improvement compared with the DCM-D group ( Figure 10B ). Manual dexterity is often markedly affected during chronic spinal cord compression. Therefore, we examined whether decompression would improve manual dexterity by using the Capellini handling test ( Figure 10F ) (40) . DCM-E and DCM-D groups showed a 2-fold increase in the time spent eating a piece of pasta compared with age-matched naive animals ( Figure  10 , D and E). In agreement with the wire hang test, the DCM-E + Dec group showed significantly reduced eating time at 3 to 4 days after surgery. This improvement in manual dexterity was sustained for up to 5 weeks after surgery ( Figure 10D ). However, animals in the DCM-D + Dec group did not show improved manual dexterity compared with the DCM-D group ( Figure 10E) .
Hyperalgesia is reduced by early surgical decompression. The development of pain is another symptom observed in a proportion of DCM patients (41) and in animal models of DCM (32) . To assess the development of pain sensitivity during DCM and after decompressive surgery, we measured mechanical hyperalgesia in the paws by measuring the frequency of response to a von Frey filament before DCM induction (baseline, Bsl), 1 week before decompression, and at 1, 2, and 5 weeks after surgical decompression. Significant differences between Bsl and 1 week before decompression were observed in the forepaws of DCM-E and DCM-D groups ( Figure  11 , A and C). Animals with DCM start to progressively develop upper extremity hypersensitivity at 3 weeks after induction of DCM (data not shown), reaching a plateau response at the week of early decompression ( Figure 11A , week 0). One week before decompression, animals in the DCM-E and DCM-D groups retracted their forepaws to the stimulus with a frequency of 34% to 40.8% ( Figure 11, A and C) . Surgical decompression in the DCM-E + Dec group significantly attenuated pain response from week 1 until week 5 after early decompression ( Figure 11A ). However, no effect on pain response was observed in the DCM-D + Dec group compared with the DCM-D group in the forepaws ( Figure 11C ). Surgical decompression did not significantly affect pain response in the hind paw of the DCM-E or DCM-D group (Figure 11, B and D) . 
Impact of preoperative duration of symptoms on functional outcomes in human DCM patients.
To determine whether duration of symptoms was predictive of outcomes after decompression in DCM patients, we conducted a preclinical experiment comparing functional outcomes between a short and long duration of symptoms (<6 months versus ≥6 months). In a previous analysis of the AOSpine studies, we concluded that patients with a longer duration of symptoms were less likely to achieve a score of 16 or higher on the mJOA. This study, however, did not use a dichotomous cutoff for duration of symptoms nor did it evaluate improvements in function using either change scores or minimum clinically important Figure 10 . Early surgical decompression improves upper extremity function. (A) Early surgical decompression improves muscle/grip strength as assessed with the wire hang test. The latency to fall from the grid was significantly increased in the DCM-E + Dec group compared with the DCM-E group at the 1-, 2-, and 5-week time points. *P < 0.05, two-way ANOVA. Open squares at the -1w (1 week before surgical decompression) denotes all the animals before decompression. (B) No significant changes were observed in the group that underwent delayed surgery at any time point. (C) Representative images of DCM animals performing the wire hang test. The white arrows indicate different ways that decompressed animals hold onto the grid with the 4 limbs. The number of animals used was as follows: DCM-E group before surgical decompression (n = 15); DCM-E (n = 7); DCM-E + Dec (n = 8); DCM-D group before surgical decompression (n = 17), DCM-D (n = 9); DCM-D + Dec (n = 8). The dot plot at each time point represents the mean of 3 measurements per animal. (D) Manual dexterity using the Capellini handling test was measured as the time the animals spent eating a piece of 2.6-cm-long pasta. The DCM-E group before decompression experienced a significant increase in the time spent eating the pasta compared with naive animals. **P < 0.01, one-way ANOVA. The DCM-E + Dec group spent less time eating the pasta compared with the DCM-E group, at the 3-day, 4-day, and 5-week time points. *P < 0.05, one-way ANOVA. (E) Mice in the DCM-D group spent more time eating pasta, compared with naive animals. *P < 0.05, one-way ANOVA. However, no significant changes were detected at any time point after decompression. (F) Representative images of DCM animals performing the Capellini handling test. Some abnormal eating patterns were observed in DCM animals, such as head tilt and grabbing the pasta with 1 forepaw and hind limb on the floor. Naive animals (n = 3); DCM-E group before surgical decompression (n = 12); DCM-E + Dec (n = 7-12); DCM-D group before surgical decompression (n = 8); DCM-D + Dec (n = 7-8). The dot plot at each time point represents the mean of 3 measurements per animal. The results are presented as mean ± SEM. DCM, degenerative cervical myelopathy; Dec, decompression; DCM-E, age-matched early sham decompressed group; DCM-D, age-matched delayed sham decompressed group; w, weeks.
differences (MCIDs).
We used an unadjusted model that only controlled for preoperative mJOA and an adjusted model that accounted for other important clinical characteristics. Of the 757 study participants in the CSM AOSpine North America and International studies, 296 (39.10%) were diagnosed with moderate and 254 (33.55%) with severe disease based on their mJOA score (5) (mJOA 12 to 14, moderate myelopathy; mJOA 0 to 11, severe myelopathy). Following imputation of missing data, mJOA scores at 24 months were available for 504 patients (91.63%) ( Table 2 ). In the unadjusted model (Table 3) , patients with a shorter duration of symptoms (<6 months) exhibited a greater improvement on the mJOA score (Δ = 4.11; 95% CI, 3.63 to 4.58) than those with a longer duration of symptoms (≥6 months) (Δ = 3.15; 95% CI, 2.88 to 3.41; P = 0.0006). This difference remained statistically significant following adjustment for relevant confounders (Table 3 ). In addition, a greater percentage of patients with a shorter duration of symptoms (<6 months) improved by the MCID on the mJOA scale than those with a longer duration of symptoms (≥6 months) (82.2% versus 67.1%, P = 0.0016, Table 3 ). Figure 11 . Surgical decompression reduces pain response. Mechanical allodynia was measured in mice in their fore and hind paws using a 0.4-g von Frey hair filament before DCM, during DCM, and after decompression. (A) The early-decompressed group was assessed before DCM (Bsl), 1 week before decompression (-1), as well as at 1, 2, and 5 weeks after decompressive surgery. We detected higher responses in the forepaws of animals in the DCM-E group compared with the Bsl time point. ***P < 0.001, two-tailed t test. Early surgical decompression reduced pain in the forepaws compared with the DCM-E group at all time points studied. ***P < 0.001, linear mixed model. (B) Pain response in the hind paws of the DCM-E group was not significantly affected at any time point. DCM-E before surgical decompression (n = 17); DCM-E (n = 8); DCM-E + Dec (n = 9). 
Discussion
In this study, we demonstrated that timing of surgical decompression for DCM impacts the extent and duration of the inflammatory response, the extent of IRI, neurological recovery, and the development of hyperalgesia after decompression. We used a potentially novel clinically relevant mouse model of compression at C5-C6 spinal levels, which represent the most common sites of spinal cord compression in DCM patients (5) . This mouse model presents several considerable advantages; similar to our previous rat model, it reproduces the chronic and progressive nature of the human disease and the cinical phenotype, it is MRI compatible, and it allows for surgical decompression (32) . However, the mouse model offers the added advantage of using genetically engineered animals in future studies. Previously, we have shown that DCM causes ischemia in the spinal cord, which results in neuronal death and functional deficits in rodents (5) . Decompression of the spinal cord may result in IRI, which may explain, in part, suboptimal outcomes in patients treated surgically for DCM as well as neurological complications such as C5 palsy. Nonetheless, surgical decompression is the mainstay treatment in patients with DCM, as it can halt spinal cord compression, minimize further neurological deterioration, and improve functional deficits and quality of life (3) .
In this study, surgical decompression was accompanied by an increased production of cytokines acutely within the spinal cord independent of the time of surgical intervention. Delayed surgical decompression resulted in unresolved cytokine production (up to 5 weeks following decompression), sustained astrogliosis, and systemic increase in the ratio of peripheral inflammatory/patrolling blood monocytes. This was accompanied by a lack of neurological improvement. In contrast, early decompression was accompanied by resolution of inflammation and astrogliosis and was associated with neurological recovery in the upper and lower extremities and attenuation of pain in the upper extremities. To our knowledge this study presents the first basic experimental evidence demonstrating the relationship of timing of decompression and the activation of the immune system.
Our findings may contribute to explaining why patients with a longer preoperative duration of symptoms achieve suboptimal surgical outcomes with respect to neurological recovery, functional impairment, and quality of life (7, 42, 43) . We demonstrated that patients with a duration of symptoms greater than or equal to 6 months exhibited smaller functional improvements in functional recovery at 2 years following decompressive surgery than those with a duration of symptoms less than 6 months. Furthermore, a smaller percentage of patients in the longer-duration-of-symptoms group achieved an MCID on the mJOA. The analysis was conducted using a dichotomous variable for duration of symptoms in order to allow for comparison between our preclinical findings and the actual clinical picture. The concordance between our experimental and clinical findings support the need for novel therapeutic targets that can effectively and safely attenuate the detrimental effects associated with postischemia inflammation. Several studies have evaluated important predictors of complications following surgery for DCM. A recent review of the literature indicated that low-level evidence suggests that duration of symptoms is not associated with perioperative complications (44) . An analysis of the AOSpine CSM-International dataset confirmed these findings and demonstrated a nonsignificant relationship between complications and preoperative myelopathy duration. However, there is significant heterogeneity in the reporting of complications across centers as well as substantial variation in rates across studies. Prior to further exploration of important predictors of complications, there must be standardization of definitions and the implementation of a classification system.
Clinical studies have reported that almost 9.3% of patients can deteriorate following a perfect surgical decompression due to the development of IRI within the first 24 hours following decompression (5) . Although the manifestation of IRI is complex, there is increasing evidence suggesting that the immune system plays an important role through the initiation of the inflammatory cascade (45) . Although in experimental models it has been shown that the effects of inflammation vary, there is significant evidence to suggest that inflammation after IRI correlates with negative outcomes (46, 47) . In our study, we observed a substantial production of inflammatory cytokines 24 hours after surgical decompression, indicating that there is significant activation of the immune system in a decompressed spinal cord. This finding is in line with previous studies that found increased levels of cytokines following lumbar decompression (48), as well as in spinal and cerebral ischemia (11, 14, 15, 49) . These cytokines promote the recruitment of inflammatory cells in the CNS and stimulate the production of matrix metalloproteinases, ROS, and cytokine-associated signaling processes that potentiate a secondary injury phase (14, 46, 49, 50) . The deleterious role of inflammation following IRI is further supported by studies demonstrating that attenuation of inflammation can enhance neural repair and functional outcomes (15, 16, 51, 52 ). Of special interest is the 24-hour time window after decompression, where we have previously shown the presence of IRI (5). This time point offers the potential of giving perioperative complementary treatment to surgical decompression that can enhance their benefits, reducing postischemic inflammation. This is the case observed in other CNS IRI models, where pharmacological inhibition of postischemic inflammation helps to reduce lesion size and attenuate ROS production (14) (15) (16) . These findings support the notion that activation of the immune system coincides with post-IRI decline.
Events of unresolved astrogliosis and inflammation have been reported to be present for months after cerebral ischemia or spinal cord injury (SCI) and correlate with extensive neuronal damage (53) (54) (55) . We observed similar findings after delayed surgical decompression, where astrogliosis, increased expression of Galectin-3, and secretion of cytokines were elevated in the spinal cord, accompanied by a peripheral increase in the proportion of inflammatory/patrolling monocytes in the blood at 5 weeks after surgery. The increased expression of Galectin-3 might suggest changes in the activation state of Iba1 + cells and astrocytes, similar to what is observed after brain ischemia and injury (30, 56) . Thus, exacerbating inflammation by promoting the secretion of cytokines through activation of the mitogen protein kinase pathways is a relevant downstream mediator for cytokine production (30, 57, 58) . Additionally, increased GFAP, connexin-43, and Iba1 expression after high cervical SCI have been shown to correlate with the development of hyperalgesia, whereas their inhibition can diminish it (59) . Given the adverse neurological recovery and the continued hyperalgesia observed after delayed surgical decompression, our results provide evidence that extended duration of immune system activation after surgery may contribute to worse surgical outcomes. It should be noted that the 2 major differences in the immune response between the early and delayed surgical decompression groups was the duration and magnitude of the activation of the immune system. The group that received delayed surgery experienced lower levels of cytokines in the spinal cord compared with the early-decompressed group, but for a longer period of time. Our results are in agreement with the work of others in the literature, showing that the immune response can decrease with age (17, 60) . Production of cytokines, such as IL-6, TNF-α, and IFN-γ can also be reduced in the skin of elderly humans, compared with younger patients after antigen challenge (61) . The interpretation of the changes observed for CCL-2 and the ratio of peripheral circulating monocytes between DCM-E and DCM-D have to be taken with precaution, since we have observed that these 2 can decrease with the age of the animals.
Herein, the group that underwent early decompressive surgery experienced a shorter period of inflammation and more improvement in upper and lower limb functions compared with the compressed group. However, it should be noted that one of the major changes in gait function of human and rats with DCM is the decrease in the speed and cadence (62) . Thus, with progression of DCM the rodents experience a decrease in speed of locomotion that contributes to the more frequent employment of the alternate pattern in our DCM mouse model. Our results are in agreement with results derived from the AOSpine Multi-Center Studies (4), and the Seoul National University Bundang Hospital, which consistently show a beneficial effect of early decompressive surgery in DCM patients (63, 64) . However, the AOSpine North America Cervical Myelopathy Study did not address the role of the immune system in neurological recovery. Studies of other IRI conditions in the CNS suggest a strong correlation between IRI, inflammation, and neurological recovery. For example, PI3K inhibition resulted in altered microglia activation, decreased production of inflammatory cytokines, and improved neurological outcomes in a cerebral IRI model (65) . However, it is worth noting that activation of the immune system and astrocytes is not always detrimental and should not be entirely abolished. Its activation can also promote regeneration by inducing the clearance of regeneration-limiting cellular debris, releasing neurotrophic factors, and limiting the infiltration of other immune cells (46, 50, (66) (67) (68) .
Our study has certain limitations. Firstly, duration of symptoms can be subject to recall bias since it relies on patients' perceptions regarding the development of the first symptoms and it might vary if patients present a longer duration of symptoms (3). Secondly, although the duration of compression did not correlate with the extent of reduction in the spinal cord blood flow/ischemia between DCM-E and DCM-D, it correlated with the compression ratio in our animal model of DCM, which is not always the case in DCM patients, where a subcohort of DCM patients can experience stabilization of the compressed spinal cord for long periods of time (44) . This makes it possible that neuronal damage, apoptosis (26, 32) , and anatomical plasticity can partially contribute to the lack of recovery observed in the group that had a longer compression in our animal model.
The results presented in this study highlight the IRI-mediated inflammation as a previously unrecognized mechanism in the surgical treatment of DCM patients. While the impact of this mechanism on patient recovery is not fully elucidated, the prior investigations of IRI models and the data presented herein suggest a correlation with poor functional outcomes. As such, IRI-mediated inflammation may represent a novel therapeutic target to improve DCM patient recovery after surgical decompression. From a clinical perspective, this study also underlines the importance of early diagnosis and surgery in DCM patients. Postoperative recovery can be highly variable among patients undergoing similar surgeries in part due to their prior surgery compensatory ability that can influence neurological assessments (69) . For this reason, future studies will need to focus on dissecting the contribution of the immune response before and after surgery, as an additional variable to determine patients' recovery profile. This will enable a more personalized treatment and potentially reduce the costs related to perioperative management.
Methods

Clinical outcomes
Seven hundred and fifty-seven patients were prospectively enrolled in either the AOSpine North America (n = 278) or International (n = 479) study at 26 global sites. Patients were recruited to participate in these studies if they met the following inclusion criteria: (a) aged 18 years or older, (b) presenting with symptomatic DCM with at least one clinical sign of myelopathy, (c) evidence of cervical cord compression on MRI or CT, and (d) no previous cervical spine surgery. Patients were excluded if they had active infection, neoplastic disease, rheumatoid arthritis, ankylosing spondylitis, or concomitant lumbar stenosis. At their respective sites, all patients received surgical decompression of the cervical spine. The attending surgeon decided what approach to use, the number of levels to operate on, and whether or not to use fusion or instrumentation. Extensive data were collected at baseline, including basic demographic information, symptomatology, comorbidities, and surgical strategy. Each patient was evaluated preoperatively and at 6, 12, and 24 months postoperatively using a variety of assessment tools, including the mJOA score, the Neck Disability Index, the Nurick classification, the 30-meter walking test, and the Short-Form-36. For this analysis, the mJOA was used as the primary outcome measure; this 18-point scale separately addresses motor dysfunction of the upper and lower extremities, sensory dysfunction of the upper extremities, and micturition (70) . The MCID of the mJOA ranges from 1.11 to 1.36 and varies based on myelopathy severity: 1 point for mild (mJOA ≥ 15), 2 points for moderate (mJOA = 12-14), and 3 points for severe (mJOA < 12) patients (71) .
A mixed-model analytic approach was used to determine the impact of duration of symptoms on postoperative improvements in clinical status. Our analysis focused on patients with moderate (mJOA = 12-14, n = 296) and severe (mJOA ≤ 12, n = 254) myelopathy (4) . Of these 550 patients, 399 (72.54%) attended their 24-month followup visit and were evaluated clinically. A last-value-carried-forward imputation procedure was used to account for missing data; following imputation, mJOA scores at 24 months were available for 504 (91.63%) patients. The dependent variable was change in mJOA from baseline to 24 postoperative months and the independent variable was duration of symptoms dichotomized at 6 months (<6 or ≥6). In an electronic survey, members of AOSpine International agreed that either a cutoff of 6 or 12 months was the threshold duration of symptoms beyond which there is a negative impact on outcome. As a result, a cutoff of 6 months was used to differentiate between a short and long duration of symptoms (72) . Two models were constructed: (a) an unadjusted model that only controlled for preoperative mJOA, and (b) an adjusted model that accounted for other important clinical characteristics (preoperative mJOA, smoking status, age, impaired gait, and psychiatric comorbidities) (42) . A secondary analysis was conducted to evaluate differences in the percentage of patients achieving the MCID on the mJOA between duration of symptoms groups (<6 or ≥6 months).
Animals and experimental groups
We used 148 adult C57BL/6 female mice (8 weeks old) purchased from The Jackson Laboratory. Animals were divided into 4 groups: (a) DCM with early sham decompression (DCM-E), (b) DCM with early decompression (DCM-E + Dec), (c) DCM with delayed sham decompression (DCM-D), and (d) DCM with delayed decompression (DCM-D + Dec) (Figure 1) . Decompression was performed at 6 (herein referred to as early decompression/DCM-E + Dec) or 12 weeks (herein referred to as delayed decompression/DCM-D + Dec) after compression. All surgical procedures were performed under anesthesia using 2% isoflurane. Animals were sacrificed at 24 hours and 2 and 5 weeks after surgical decompression. All evaluations were performed by 1 or 2 investigators that were blinded to the treatment groups.
DCM and surgical decompression
We used a mouse model of DCM that was adapted from a rat DCM model previously established in our laboratory (5, 32) . Briefly, a C4-T1 midline incision was performed followed by retraction of the paravertebral muscles and subsequent implantation of an aromatic polyether material underneath C5-C6 laminae. This biopolymer induces an osteoid formation with the lamina due to the precipitation of inorganic salts. Surgical decompression was performed as before with relevant changes (5, 32) . A microdrill was used to slowly and carefully remove the fused laminae and eliminate the compression between the biopolymer and the laminae. Sham-decompressed animals underwent the same surgical procedure as decompressed mice, except for decompression. Muscles and skin were sutured and the animals were monitored daily for the development of neurological complications after surgery.
T1-weighted MR images
To quantitatively evaluate the compression ratio in our DCM groups, we used MRI as previously described (32) . Briefly, mice were maintained at 1.5% to 2 % isoflurane, and T1-weighted images were acquired using a 7 Tesla system (Bruker BioSpec 70/30 USR, STTARR Innovation Centre) at 2 selected times points: 1 week before decompressive surgery (DCM-E, 5 weeks after material implantation; DCM-D, 11 weeks after material implantation), and 5 weeks after surgical decompression. The compression ratio was calculated using the Medical Image Processing, Analysis, and Visualization (MIPAV) software (NIH). The formula 1 -(2c/a + b) × 100 was used to calculate the compression ratio (32) , where c is the anteroposterior canal diameter at the level of maximum compression, and a and b are the anteroposterior canal diameter at the nearest normal level above and below the compression site, respectively.
Flow cytometry
Whole blood was collected via cardiac puncture before perfusion and transferred to EDTA-coated tubes (BD Biosciences). Red blood cells were lysed for 5 minutes (0.1 mM EDTA, 10 mM KHCO 3 , 150 mM NH 4 Cl) and washed twice with PBS. Cells were first stained with viability dye (Fixable Viability Dye eFluor 780, eBioscience) for 20 minutes, followed by 2 washes with 2% FBS in PBS. A combination of the following antibodies was used to distinguish inflammatory and patrolling monocyte subpopulations in the blood: Ly6C-Pacific blue (clone HK1.4, BioLegend) and CCR2-PE (clone 475301, R&D Systems), or their respective isotype controls (from BioLegend and R&D Systems, respectively) for 30 minutes. Data were acquired using a BD LSR II flow cytometer (BD Biosciences) and analyzed using FlowJo (Tree Star).
ELISA and Western blot analysis
Animals were transcardially perfused with PBS at selected time points (24 hours, 2 and 5 weeks) after surgical decompression. The spinal cord was dissected out (0.5 cm rostral and 0.5 cm caudal from the compression epicenter), and homogenized using radioimmunoprecipitation assay (RIPA) buffer with proteinase inhibitors (Thermo Fisher Scientific), according to the manufacturer's instructions. Total protein levels were determined using a BCA Protein Assay Kit (Thermo Fisher Scientific). The homogenates were split and used for ELISA and Western blot. Levels of cytokines of interest were assessed for the same total protein concentration using a mouse 32-panel ELISA system (Eve Technologies). For Western blot analysis, 30 μg of total protein was resolved by 12% SDS-PAGE and transferred to a PVDF membrane. Membranes were blocked with 5% nonfat milk/0.01% Tween 20 in PBS for 1 hour at room temperature (RT) and incubated with anti-Galectin-3 antibody (1:1,000; Abcam, ab53082) overnight at 4°C. Membranes were washed in PBS/0.01% Tween 20 and incubated with a secondary antibody, goat anti-rabbit conjugated to horseradish peroxidase (1:2,000; Jackson ImmunoResearch, 111-035-144). Membranes were washed and the signal was visualized using Pierce ECL Western Blotting Substrate (Thermo Fisher Scientific) following the manufacturer's instructions. Membranes were stripped with ReBlot Plus Mild Antibody Stripping Solution 1× (Millipore), blocked for 1 hour, and incubated with anti-β-actin antibody (1:5,000; Cell Signaling Technology, 12262) at RT. Following membrane exposure, ImageJ (NIH) was used for densitometric analysis of the data. Galectin-3 signal was normalized to β-actin signal for each lane.
Regional blood flow measurement
Animals were maintained on spontaneous ventilation using 1.5%-2 % isoflurane followed by an incision in the chest as previously described (73, 74) . Red fluorescent microspheres, 10-μm diameter (2:5 dilution, Thermo Fisher Scientific) were injected into the mouse heart and allowed to circulate through the body for 1 minute according to the manufacturer's instructions. Next, a constant volume of blood sample (reference sample) was collected from the right atrium using a micro-injector pump (World Precision Instruments) with a constant speed for all samples. A portion of the spinal cord around C5-C6 (0.3 cm rostro/caudally from the compression epicenter) was collected for regional blood flow measurements, and normalized by the dry weight of the spinal cord portion. Samples were measured using a fluorescence spectrophotometer (Horiba FluoroLog-3) equipped with FluorEssence software. A calibration curve was run every time samples were measured. A second color of fluorescent microparticles was used as an internal standard for blood and spinal cord samples.
Immunohistochemistry and cell quantification
Animals were transcardially perfused after sham decompression or surgical decompression with PBS followed by 4% paraformaldehyde. For immunofluorescence analysis, the spinal cords were isolated and postfixed for 4 hours, and then cryoprotected in 30% sucrose/PBS for 48 hours. Coronal cryosections (30 μm) were blocked for 1 hour at RT in blocking solution (10% nonfat milk, 1% BSA, 0.3% Triton X-100 in PBS), followed by incubation with primary antibody overnight (at 4°C), 3 washes with PBS, and incubation with conjugated secondary antibody and 4′,6-diamidino-2-phenylindole (DAPI, 1:200, Sigma-Aldrich) for 1 hour at RT. Microglia/macrophage numbers were manually counted through Z-stack (30 μm) using the Iba1 marker (1:300, Wako, 019-19741) at ×40 magnification. An anti-GFAP antibody conjugated to Cy3 (1:300, Sigma-Aldrich, MAB3402C3) was used to assess astrogliosis (28) at ×20 magnification. Microglia and GFAP were quantified as the mean of 5 to 6 cryosections/animal, at an interval of 240 μm each around the compression epicenter (between C5-C6 segments). The area of the dorsal horns evaluated for GFAP immunoreactivity was traced using ImageJ software and based on DAPI signal in a constant squared region of 89 × 89 μm. Iba1 + cells were quantified in a constant squared region of 214 × 214 μm. The integrated density of binary converted images was calculated for each image using ImageJ. All images were captured using a Nikon Eclipse Ti C2+ inverted confocal microscope with NIS element imaging software.
Neurobehavioral analysis
Mechanical allodynia. Mice were habituated for 1 hour in individual observation chambers with a wire mesh at floor level.
A 0.4 g von Frey hair monofilament applied 10 times was used to measure the frequency of withdrawal to each forepaw and hind limb, where each withdrawal was measured as 10% of response (75) .
Mechanical sensitivity was assessed at different time points: before DCM induction (baseline, Bsl), 1 week before (-1) surgical decompression, and 3 times after surgical decompression (at 1, 2, and 5 weeks after surgery).
Grip/muscle strength and manual dexterity
The forelimb wire hang test was used to evaluate neuromuscular grip strength before and after surgical decompression in DCM animals (39) . Briefly, mice were placed on a wire cage top, which was then inverted. The latency to fall for each animal was recorded at 1 week before surgical decompression, and at 1, 2, and 5 weeks after decompressive surgery. Manual dexterity was assessed using the Capellini handling test as previously described (40) . The time animals spent eating a 2.6-cm piece of pasta was recorded at selected time points (1 week before surgical decompression, and at 3 to 4 days and 2 and 5 weeks after surgical decompression). Naive age-matched animals were used for comparison. For both tests, the results are expressed as the average of 3 sessions.
Automated gait analysis
The CatWalk XT 10.6 (Noldus) system was used to analyze gait deficits in DCM and decompressed animals as described previously (32) . We focused our analysis on the following parameters: stride length, swing speed in upper and lower extremities, as well as the step pattern at 5 weeks after sham decompression and surgical decompression. We considered only runs with a minimum of 3 compliant cycles demonstrating a complete gait pattern, where maximum speed variation within each run was less than 50% (35) , and the average speed between runs was not significantly different (33) .
Statistics
Prism (GraphPad Software) and SPSS (IBM) were used for statistical analysis of data in the animal model, and SAS Software for the human DCM data. The wire hang test, Capellini handling test, ELISA, and flow cytometry results were analyzed using either one-or two-way ANOVA, followed by post hoc test. Comparisons between DCM-E and DCM-D were analyzed using a 2-tailed t test. Immunohistochemical, regional blood flow, and CatWalk analyses were evaluated using a Mann-Whitney U test for comparison between 2 groups. The von Frey results were analyzed using a linear mixed model. The data for DCM patients were analyzed using either a χ 2 test or a mixed-model approach as outlined above. All data are given as the mean ± SEM in the graphs. Results were considered significant if they had a P value less than 0.05: *P < 0.05, **P < 0.01, and ***P < 0.001.
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